Introduction
============

Rheumatic disease involves a diverse number of painful disorders affecting joints, muscles, connective tissues, and soft tissues around the joints and bones, many of which have an autoimmune component. Currently, the American College of Rheumatology lists 30 rheumatic diseases and 12 rheumatic conditions \[[@B1]\]. Rheumatic disease contributes significantly to population health burden. For example, rheumatoid arthritis (RA) affects nearly 1% of the world population and is a significant cause of disability \[[@B2]\].

Epigenetics originally invoked the notion of stable and heritable gene expression changes that are not due to changes in the primary DNA sequence. Two levels of epigenetic gene regulation can now be envisaged: the classic form involving stable heritable changes and enhanced epigenetic modifications, which can be regarded as regulatory mechanisms orchestrating inducible responses at the cellular level which may or may not be heritable. Current epigenetic mechanisms involve the following: DNA CpG methylation, histone post-translational modifications (PTMs), histone variants, and non-coding RNA (ncRNA). Aberrant epigenetic regulation of gene expression is now known to be important in the pathogenesis of various diseases, including cancer \[[@B3]\]. Aberrant epigenetic regulation is also implicated in the pathogenesis of many autoimmune inflammatory conditions, including diabetes (reviewed in \[[@B4]\]) and neurodegenerative disease (reviewed in \[[@B5]\]).

An increasing body of evidence links aberrant or altered epigenetic regulatory mechanisms with the pathogenesis of many rheumatic disease states, raising the possibility that epigenetic targeting therapies may have a potential role in the management of these conditions. This review considers recent advances in this area and provides an overview of the potential utility of epigenetic targeting agents in the treatment of rheumatic disease.

DNA methylation changes in rheumatic disease
============================================

The link between aberrant DNA methylation and altered gene expression was first established in studies on cancer \[[@B6]\]. Altered DNA methylation also occurs in rheumatic conditions, such as systemic lupus erythematosus (SLE), and other autoimmune conditions (reviewed in \[[@B7]-[@B9]\]).

The study of twins is emerging as an important tool for identifying epigenetic effects in disease. Several such studies have identified altered DNA methylation patterns in SLE and dermatomyositis but not in RA \[[@B10]\]. The genes for which a loss of DNA methylation was observed included several genes associated with immune function, and this loss of DNA was correlated with increased gene expression levels \[[@B10]\]. A study involving global genome-wide DNA CpG methylation analysis in CD4^+^T cells from patients with SLE identified regions of hypomethylation (*n*= 236) and hypermethylation (*n*= 105) \[[@B11]\]. The regions identified revealed that important pathways such as CDK5, PTEN, and insulin receptor signaling were among hypomethylated genes, and the regions also identified specific gene loci (*RAB22A*, *STX1B2*, *LGALS3BP*, *DNASE1L1*, and *PREX1*) where methylation levels correlated with SLE disease activity \[[@B11]\]. Other studies in patients with SLE have confirmed the increased hypomethylation/decreased DNA methyltransferase 1 (DNMT1) levels \[[@B12],[@B13]\] (Table [1](#T1){ref-type="table"}), suggesting that DNA CpG hypomethylation may be a critical element in SLE pathogenesis. In contrast, higher transcript levels of the methyl-binding proteins methyl-CpG-binding domain protein 2 (MBD2) and methyl CpG-binding protein 2 (Mecp2) and decreased expression of MBD4 have also been reported for patients with SLE \[[@B13]\].

###### 

Aberrant epigenetic machinery in rheumatoid arthritis and systemic lupus erythematosus

  Enzyme   Alternative symbol   Observation           Disease setting   Cell type          Reference
  -------- -------------------- --------------------- ----------------- ------------------ --------------------------
  DNMT1                         Decreased             SLE               WBCs               \[[@B10],[@B12],[@B13]\]
                                                      SLE               CD4^+^T cells      \[[@B15]\]
                                                      RA                                   
  DNMT3B                        Decreased             SLE               WBCs               \[[@B10]\]
  KAT2B    PCAF                 Increased             SLE               PBMCs              \[[@B28]\]
  KAT3A    CBP                  Decreased             SLE               CD4^+^T cells      \[[@B27]\]
  KAT3B    P300                 Decreased             SLE               CD4^+^T cells      \[[@B27]\]
  HDAC1                         Increased             SLE               PBMCs              \[[@B20]\]
                                                                        FLSs               \[[@B21]\]
                                Decreased             FLS               Synovial tissues   \[[@B22]\]
  HDAC2                         Decreased             SLE               CD4^+^T cells      \[[@B27]\]
  HDAC4                         Altered sumoylation   RA                FLSs               \[[@B23]\]
  HDAC7                         Decreased             SLE               CD4^+^T cells      \[[@B27]\]
  HDAC9                         Increased             SLE               CD4^+^T cells      \[[@B24]\]
  SIRT1                         Increased             SLE               CD4^+^T cells      \[[@B27]\]
  KMT?     SETD6                Decreased             RA                PBMCs              \[[@B26]\]
                                                      JIA                                  
  KMT1B    SUV39H2              Decreased             SLE               CD4^+^T cells      \[[@B27]\]
  KMT6     EZH2                 Decreased             SLE               CD4^+^T cells      \[[@B27]\]
                                Increased             RA                FLSs               \[[@B25]\]
  KDM6B    JMJD3                Decreased             SLE               CD4^+^T cells      \[[@B29]\]

CBP, CREB-binding protein; DNMT, DNA methyltransferase; EZH2, enhancer of Zeste, Drosophila, Homolog 2; FLS, fibroblast-like synoviocyte; HDAC, histone deacetylase; JIA, juvenile idiopathic arthritis; JMJD3, Jumonji domain-containing protein 3; KAT, K-acetyltransferase; KDM6B, lysine-specific demethylase 6B; KMT, K-methyltransferase; PBMC, peripheral blood mononuclear cell; PCAF, p300/CBP-associated factor; RA, rheumatoid arthritis; SETD6, SET domain containing 6; SIRT1, Sirtuin 1; SLE, systemic lupus erythematosus; SUV39H2, suppressor of variegation 3-9, Drosophila, Homolog of, 2; WBC, white blood cell.

Fibroblast-like synoviocytes (FLSs) contribute to the pathogenesis of rheumatic arthritis (RA) by producing inflammatory mediators and contributing to cartilage damage. A DNA methylome analysis comparing FLSs from patients with RA versus patients with osteoarthritis (OA), a non-autoimmune rheumatic disease, has just been reported \[[@B14]\]. In this study, distinct methylation profiles of OA and RA FLSs involving 1,859 differentially methylated (DM) loci located in 1,206 genes were identified, and the two types of FLS could be distinguished solely on the basis of methylation. Further analysis identified 207 genes with multiple hypermethylated or hypomethylated loci. Of these, many were found to play key roles in inflammation, matrix regulation, leukocyte recruitment, and immune responses. Gene expression levels correlated with methylation status, with high expression in hypomethylated genes in RA FLSs and normal expression in genes that were not DM \[[@B14]\]. Levels of DNMTs were recently examined in FLSs from patients with RA and OA \[[@B15]\]. In this regard, resting levels of DNMT1, -3a, and -3b mRNA were similar in RA and OA FLSs, and Western blot analysis showed abundant DNMT1 and DNMT3a protein (Table [1](#T1){ref-type="table"}). When RA and OA FLSs were subjected to a pro-inflammatory cue (interleukin-1, or IL-1), rapid decreases of DNMT1 and DNMT3a mRNA occur in these FLSs within 2 to 8 hours of stimulation. Indeed, in OA FLSs following stimulation, demethylation occurred at a CHI3L1 locus (also hypo-methylated in RA FLSs) \[[@B15]\].

A genome-wide analysis of DNA CpG methylation has also been performed on CD4^+^T cells from juvenile idiopathic arthritis (JIA) subjects and controls \[[@B16]\]. In the initial analysis of patients, 145 DM loci were identified. However, methotrexate was found to be a confounding issue, and when this was taken into account, the number of DM loci dropped to 11. Hypomethylation at one of these loci, the pro-inflammatory cytokine IL-32, was subsequently confirmed in a validation cohort \[[@B16]\].

Aberrant DNA CpG methylation has now been identified as a causative factor in the increased expression of matrix metalloproteinase-13 (MMP-13), a key protein involved in the degradation of type II collagen within the cartilage \[[@B17]\]. Clearly, aberrant DNA CpG methylation plays an important role in the development of rheumatic disease. One of the central features that are beginning to emerge is the downregulation of DNMT1. This DNMT is considered to be the key maintenance methyltransferase in mammals and therefore responsible for maintaining key methylation patterns at important genes. Loss of DNMT1 activity, therefore, would lead to reduced methylation or hypomethylation at critical CpG residues in loci, and this is borne out by the fact that hypomethylation appears to be more predominant than hyper-methylation in global methylation studies. Restoring DNMT1 levels, therefore, may be an important therapeutic strategy in the future. In a subsequent section, I discuss how specific microRNAs (miRNAs) have been shown to regulate DNMT1 and how these particular miRNAs are found to be upregulated in SLE and RA.

Histone-modifying enzymes in rheumatic disease
==============================================

The \'histone code\' is a well-established hypothesis describing the idea that specific patterns of post-translational modifications to histones act like a molecular \'code\' recognized and used by non-histone proteins to regulate specific chromatin functions. These modifications include acetylation, methylation, phosphorylation, sumoylation, and ubiquitination, and various families of proteins which function to place or remove these PTMs have been identified. The best studied of these families are the K-acetyltransferases (KATs), histone deacetylases (HDACs), K-methyltransferases (KMTs), and K-demethylases (KDMs).

KATs, also known as histone acetyltransferases or lysine acetyltransferases, function to covalently add acetyl groups to lysine residues on proteins. KMTs add methyl groups to lysine residues as mono-, di-, or tri-methylation, whereas HDACs and KDMs remove these respective modifications. These PTMs play important roles on many proteins in addition to histones and, in fact, may involve a \'protein code\'. A recent estimate using 13 frequent PTM types in eight eukaryotes derived a global network that in humans alone comprises more than 50,000 residues in about 6,000 proteins \[[@B18],[@B19]\].

Within the context of rheumatic disease, strong evidence links the aberrant expression of these families of proteins with disease progression. However, much of the evidence is often conflicting. For instance, increased expression of HDAC1 mRNA has been observed in RA FLSs \[[@B20]\] and in the peripheral blood mononuclear cells (PBMCs) of patients with RA \[[@B21]\] (Table [1](#T1){ref-type="table"}). Conversely, HDAC activity in synovial tissues from patients with RA was found to be approximately twofold lower than that in synovial tissues from patients with OA or from normal controls \[[@B22]\]. Sumoylation of HDAC4 may prove to be an important element in the pathogenesis of RA (Table [1](#T1){ref-type="table"}). Critically, levels of the SUMO-specific protease SENP1 have been shown to be decreased, whereas levels of SUMO-1 have been shown to be increased in RA FLSs. Loss of SENP1 is associated with both increased histone acetylation and expression from the MMP-1 promoter. If levels of SENP1 are increased by overexpression, levels of promoter acetylation and MMP-1 expression are decreased, leading to accumulation of HDAC4 at the MMP-1 promoter. Critically, if HDAC4 was knocked down by small interfering RNA (siRNA), SENP1 overexpression was unable to affect the expression of MMP-1 \[[@B23]\]. HDAC9 has been suggested to function as an epigenetic switch in effector T cell-mediated systemic autoimmunity. Over-expression of HDAC9 has been observed in CD4^+^subsets of T cells from both humans and MRL/lpr mice, and abrogation of HDAC9 led to decreased lympho-proliferation, inflammation, and autoantibody production in a murine SLE model with associated survival benefit \[[@B24]\] (Table [1](#T1){ref-type="table"}).

KMT6 (EZH2) is a K-methyltransferase and is the catalytic subunit of the polycomb-repressive complex 2 (PRC2), responsible for the methylation of lysine 27 on histone H3 (H3K27) from mono- through trimethylation. KMT6 was recently shown to be overexpressed in RA FLSs \[[@B25]\] (Table [1](#T1){ref-type="table"}), and this may result in elevated levels of H3K27me3, a histone post-translational modification associated with RA autoantibodies (discussed in more detail in a subsequent section). In addition, levels of a novel KMT called SETD6 have been shown to be decreased in the PBMCs of patients with RA or JIA compared with controls \[[@B26]\].

Globally, acetylation at histones H3 and H4 was found to be hypoacetylated in active CD4^+^T cells from SLE patients compared with controls \[[@B27]\], whereas global histone H3K9 hypomethylation was a feature in both active and inactive lupus CD4^+^T cells compared with controls \[[@B27]\]. When the expression of various epigenetic-modifying enzymes was examined, levels of Sirtuin 1 (SIRT-1) mRNA were significantly increased, whereas levels of KAT3A (CBP), KAT3B (P300), HDAC2, HDAC7, KMT1B (SUV39H2), and KMT6 (EZH2) were significantly downregulated in CD4^+^T cells from patients with active lupus compared with controls \[[@B27]\]. Validations of these changes have been observed for KAT3A, KAT3B, HDAC7, and SIRT-1 in a murine model of SLE \[[@B27]\], whereas levels of KAT2B (PCAF) have been shown to be elevated in patients with SLE \[[@B28]\] (Table [1](#T1){ref-type="table"}).

Aberrant regulation of gene expression by KDM6B (JMJD3) has also been implicated in the development of SLE (Table [1](#T1){ref-type="table"}). By analyzing available chromatin immunoprecipitation (ChIP) array data, Lu and colleagues \[[@B29]\] determined that there was a greatly enhanced level of histone H3 lysine 27 trimethylation (H3K27me3) at the hematopoietic progenitor kinase 1 (HPK1) promoter of SLE CD4^+^T cells relative to controls. The product of this gene negatively regulates T cell-mediated immune responses. As a consequence of this histone methylation, HPK1 mRNA and protein levels were significantly decreased in CD4^+^T cells of patients with SLE, thus contributing to T-cell overactivation and B-cell over-stimulation in SLE \[[@B29]\].

The transcription factor RFX1 plays central roles in the regulation of CD11a and CD70 expression in CD4^+^T cells through the recruitment of DNMT1, HDAC1, and KMT1A (Suv39H1) \[[@B30],[@B31]\]. Patients with SLE have decreased expression of RFX1, resulting in altered epigenetic regulation and consequent overexpression of CD11a and CD70 in their CD4^+^T cells and, in turn, leading to the development of autoreactivity and auto-antibody overstimulation \[[@B30],[@B31]\]. Taken together, these studies demonstrate that aberrant expression of the epigenetic machinery is associated with rheumatic disease and support the notion that the identified members of the epigenetic machinery which are overexpressed in rheumatic disease which can potentially be targeted could be suitable candidates for therapeutic intervention.

Epigenetic \'marks\' and histone variants as a target of autoreactivity in rheumatic disease
============================================================================================

An emerging body of evidence indicates that post-translationally modified histones are primary targets for autoantibodies in patients with rheumatic disease. In SLE, apoptotic chromatin is present extracellularly and is suggested to be due to disturbed apoptosis or insufficient removal or both. This released chromatin can subsequently activate the immune system, resulting in the formation of autoantibodies. In a study of SLE, an auto-antibody specific to histone H3 was identified, and subsequent analysis determined that this antibody preferentially reacted with trimethylated H3K27 (H3K27me3) *in situ*and was also able to specifically isolate chromatin containing H3K27me3 from plasma of patients with SLE \[[@B32]\]. Similar work from the same group has shown that additional autoantibodies in patients with SLE are specific to acetylation on histone H4 at lysines 8, 12, and 16 (H4K8,12,16Ac) and histone H2B (H2BK12Ac) \[[@B8]\].

Autoantibodies to modified histones are not restricted to SLE. In particular, anti-citrullinated protein antibodies have been identified as the most predictive factor for the development of RA, and several recent reports in the literature have identified autoantibodies directed against citrullinated histones as an early event in the progression of RA \[[@B2]\].

Interestingly, the enzyme associated with the citrullination of histones in RA has been identified as PAD4 \[[@B33]\], and autoantibodies directed against PAD4 have also been identified in patients with RA \[[@B34]\]. However, PAD4 itself has been found to be non-essential for disease formation in the K/BxN murine autoantibody-mediated model of RA \[[@B35]\].

Neutrophil extracellular traps (NETs) normally function as a first line of defense against microbial organisms at the sites of infection by using a highly modified chromatin \'web\' to direct a cellular suicide program distinct from apoptosis and necrosis. The fact that they are also present at regions containing immune system components and an inflammatory milieu has led to increasing evidence that NETs may trigger autoimmune responses. In a subsequent screen of sera comparing patients with SLE versus controls, it was found that the sera from patients with SLE reacted to acetylated histone H2B and were enriched for other histone PTMs associated with transcriptional repression \[[@B36]\]. Interestingly, it is well established that histones contained in NETs are frequently citrullinated \[[@B37],[@B38]\] (reviewed in \[[@B39]\]).

CenP-A is a variant of histone H3, whose main functions involve the regulation of centromere identity and conferral of conformational rigidity to the centromere. CenP-A autoantibodies were recently detected in 34% of patients with scleroderma (systemic sclerosis) \[[@B40]\].

It is clear from the above that histone PTMs play an important role in the development of autoantibodies in patients with rheumatic disease. Also, the development of such autoantibodies occurs relatively early in the sequence of disease progression and makes targeting those enzymes responsible for such PTMs an attractive potential therapeutic intervention.

miRNAs and epi-miRNAs in rheumatic disease
==========================================

miRNAs are specialized forms of ncRNA and consist of small, approximately 22-nucleotide single-stranded RNA molecules that regulate gene expression in cells by directly binding to and either degrading or translationally repressing targets. The RNA-induced silencing complex (RISC) is essential for miRNA-based silencing of gene expression, and members of RISC are known targets of autoantibodies associated with rheumatic disease \[[@B41]\]. Furthermore, a large body of evidence linking aberrant expression of miRNAs in rheumatic diseases, including SLE \[[@B42]\] and arthritis \[[@B9],[@B41]\], has now emerged.

One of the most important aberrantly expressed miRNAs identified to date is miR-146a. This miRNA would appear to be a master regulator for several aspects of immunity, including the regulation of cytokines, such as tumor necrosis factor-alpha (TNF-α), functioning in the negative feedback control of innate immunity in Toll-like receptor (TLR) signaling, and is involved with T-cell activation and is highly expressed in mature human memory T cells \[[@B41]\]. Furthermore, in a knockout mouse model of this miRNA, some loss of immunological tolerance was observed and resulted in fatal interferon-gamma (IFNα)-dependent immune-mediated lesions in different organs \[[@B41]\]. As miR-146a would appear to be a critical miRNA in autoimmune diseases, it is interesting to note that this miRNA was found to be lost in a mouse knockout model of the Mecp2 \[[@B43]\] and that the miR-146a promoter was highly methylated and Mecp2 was shown to bind to the miR-146a promoter \[[@B43]\]. Levels of this miRNA have also been shown to be either upregulated or downregulated in rheumatic disease. For instance, miR-146a has been found to be elevated in PBMCs, macrophages, CD3^+^T-cell subsets, and CD79a^+^B cells of patients with RA \[[@B41],[@B42]\]. Levels of miR-146a are decreased in patients with SLE \[[@B42]\] but are elevated in patients with Sjögren\'s syndrome \[[@B44]\]. One of the known targets of miR-146a is interleukin-1 receptor-associated kinase 1 (IRAK), resulting in attenuation of pro-inflammatory signaling. Interestingly, IRAK and Mecp2 localize to the same chromosomal location (Xq28), and variants of Mecp2 are associated with both increased risk of susceptibility and differential gene expression in patients with SLE \[[@B45]\], and IRAK1 has also been shown to be a significant risk factor for SLE \[[@B46]\]. The expression of miR-146a has also been shown to be affected by aging, particularly in macrophages, with an associated loss of responsiveness to lipopolysaccharide (LPS) stimulation. This loss of expression was found to be due to aberrant nuclear factor-kappa B (NF-κB) binding to its promoter, and, critically, both DNMT inhibitors and HDAC inhibitors (HDACis) could reactivate expression of miR-146a and improve LPS-induced inflammatory responses in macrophages isolated from aged mice \[[@B47]\]. Other miRNAs overexpressed in autoimmune disease include miR-140 \[[@B48],[@B49]\] and miR-155 \[[@B50]\].

Several miRNAs have been shown to directly target the epigenetic regulatory machinery and have collectively been termed \'epi-miRNAs\'. In the following sections, I discuss the current evidence linking altered expression of these miRNAs with rheumatic disease.

miR-126 has been shown to target DNMT1 in SLE \[[@B51]\], whereas mIR-181-a has been shown to regulate KAT2B (PCAF) in SLE \[[@B28]\]. In this study, levels of this miRNA were shown to be downregulated in patients with SLE. Furthermore, loss of this miRNA was associated with elevated PCAF, impaired mouse double minute 2 homolog (Mdm2) ubiquitination, and induction of apoptosis \[[@B28]\].

Other epi-miRNAs associated with SLE include miR-21 and miR-148a, both of which have been shown to target and regulate DNMT1 in SLE CD4^+^T cells \[[@B52]\]. In addition, significantly elevated expression of miR-21 has been demonstrated in the plasma of RA and SLE patients compared with controls \[[@B53]\].

Most recently, miR-29b levels were found to be upregulated in CD4^+^cells of SLE patients compared with healthy donors \[[@B54]\]. This miRNA has previously been shown to affect DNMT1, and overexpression of miR-29b resulted in significant reduction of DNMT1 expression, which when overexpressed in CD4^+^T cells from healthy donors led to the DNA hypomethylation and upregulation of genes encoding CD11a and CD70, whereas inhibition of miR-29b expression in CD4^+^T cells from patients with lupus reversed these effects \[[@B54]\]. As loss of DNMT1 and hypomethylation is a common feature of SLE, the role of these miRNAs in SLE disease pathogenesis may involve the depletion of DNMT1, resulting in subsequent genomic hypomethylation, but further validation will be required.

As discussed earlier, HDAC4 has been suggested to play important roles, particularly in RA. In this regard, it is important to note that levels of HDAC4 have been shown to be downregulated by miR-29b, miR-140, and miR-365 in models of skeletogenesis and osteogenesis, further linking miRNA-mediated regulation of the epigenetic machinery in the rheumatic setting \[[@B55]-[@B57]\]. Other miRNAs have been shown to regulate different HDACs in osteoblasts. miR-200a has been shown to regulate the expression of SIRT-1, a class III HDAC \[[@B58]\], and interestingly this miRNA has also been shown to regulate the pre-osteoblast differentiation in part by regulation of distal-less homeobox 5 (Dlx5) \[[@B59]\]. As SIRT-1 activity has now been shown to be involved with osteogenic differentiation of mesenchymal stem cells \[[@B60]\], it will be important to determine whether this miRNA is affected in rheumatic disease. Indeed, levels of miR-200a have been shown to be decreased in SLE and inversely correlated with the SLE disease activity index (SLEDAI) \[[@B61]\], indicating that this miRNA may indeed play important roles in rheumatic disease by aberrantly affecting SIRT-1 activity. In this regard, levels of SIRT-1 have been shown to be elevated in a mouse model of SLE, and abrogation of this HDAC by siRNA was found to mitigate the damage of lupus *in vivo*in this model \[[@B62]\].

miRNAs therefore represent novel targets for the treatment of rheumatic disease. There are many programs/companies that focus on developing miRNA-based therapeutics. Many of these involve technologies aimed at targeting these miRNAs, and the best known is the locked nucleic acid (LNA)-modified antisense oligonucleotide miravirsen, which targets the liver-expressed miRNA-122 and is currently in phase II clinical trials for the treatment of hepatitis C \[[@B63]\]. It is therefore conceivable that similar technologies could be used to target overexpressed miRNA species such as miR-2.

Epigenetic targeting agents and rheumatic disease
=================================================

One of the first studies \[[@B64]\] linking the potential utility of epigenetic targeting agents in the treatment of rheumatic disease came from studies using the HDACis trichostatin A and suberonylanilide hydroxamic acid (vorinostat) on the MRL-lpr/lpr murine model of SLE \[[@B64]-[@B66]\]. Many other studies have now demonstrated the potential utility of HDACi in the treatment of autoimmune conditions, including rheumatic disease, particularly in the areas of dampening down pro-inflammatory cues \[[@B67]\] and through effects on the production and function of FOXP3^+^regulatory T (T~reg~) cells \[[@B68]\].

Although HDACs have received a significant amount of attention in this regard, it is well worth noting that other epigenetic regulatory machinery may also prove to be important potential therapeutic targets. For instance, a genome-wide study of histone H3 lysine 4 trimethylation by ChIP-chip in PBMCs of patients with SLE found significant alterations of H3K4me3 which were associated with the pathogenesis of the disease. As such, it would appear that agents capable of targeting the relevant lysine methyltransferases or demethylases may become important new therapeutic targets for the treatment of rheumatic disease. In this regard, KDM5B is a specific H3K4me3/me2- lysine demethylase, and a novel inhibitor, 2,4-pyridine-dicarboxylic acid, targeting this enzyme has just been identified and isolated and thus may prove to have potential utility in the treatment of SLE or other rheumatic diseases or both \[[@B69]\].

As citrullinated histones would appear to be an important trigger in the development of autoantibodies early in the progression of RA, it may prove to be important to identify and develop agents that target the relevant enzyme responsible: PAD4. Most recently, Thr-Asp-F-amidine (TDFA) was identified as a highly potent PAD4 inactivator with activity *in vitro*, raising the possibility that this may have therapeutic potential in the treatment of RA \[[@B70]\]. Another series of PAD4 inhibitors (lead compound YW3-56), whose activity alters the expression of genes controlling the cell cycle and cell death but also induces cellular autophagy, has been developed \[[@B71]\]. As a caveat, it has recently been suggested that autophagy is activated in RA, particularly during joint destruction, and that autophagy inhibitors may be effective in treating RA joint destruction \[[@B72]\]. As such, PAD4 inhibitors may exacerbate existing RA. Further studies will be required to determine whether PAD4 inhibitors have therapeutic potential in the treatment of autoimmune conditions.

The expression of many miRNAs has been shown to be regulated via epigenetic mechanisms \[[@B73],[@B74]\], and this may have important implications for the treatment of rheumatic disease. For example, both DNMT inhibitors and HDACis have been shown to restore miR-146a expression in the macrophages of aged mice \[[@B47]\]. This indicates a further potential for epigenetic targeting agents to alter the expression of a critical master regulator of immunity.

It is increasingly clear that epigenetics plays important roles in the regulation of pro-inflammatory cues in rheumatic disease. A plethora of studies have identified dysregulated pro-inflammatory cytokine expression in models of rheumatic disease; furthermore, there is strong evidence that epigenetic targeting agents such as HDACi may play important roles in regulating cellular responses to such cues \[[@B75]\]. We and others have shown that epigenetic targeting agents can affect the expression of various pro-inflammatory cytokines \[[@B76]\]. However, it must be noted that HDACi can induce the expression of pro-inflammatory cytokines such as CXCL-8 \[[@B76]\] and IL-20 \[[@B77]\], both of which have been shown to be important in pro-inflammatory diseases such as rheumatic disease \[[@B78]\]. IL-17 is one such pro-inflammatory cytokine which is a key element associated with autoimmune diseases, including SLE. Six isoforms of this cytokine have been identified (IL17A-F), and a recent study on IL-17A demonstrated strong epigenetic differences in its regulation in patients with SLE \[[@B79]\]. In particular, decreased H3K27 methylation in activated naïve CD4^+^T cells and in T cells from patients with SLE was associated with decreased DNA methylation at the IL-17A promoter, together with reduced recruitment of HDAC1 and DNMT3a. These findings raise the issue that HDACi may have potentially \'good\' and \'bad\' effects within the autoimmune disease setting, particularly with regard to pro-inflammatory cytokines. However, we and others have also shown that epigenetic targeting agents have the ability to affect the stability of both expressed mRNAs and proteins \[[@B80]\], and this effect has also been observed in RA, in which HDACi significantly reduced the stability of IL-6 mRNA in FLSs and macrophages \[[@B81]\].

It is clear from the previous sections that epigenetic targeting agents have the potential to alter or restore expression of critical factors in rheumatic disease or may have the ability to ablate or ameliorate the pro-inflammatory environments caused by these diseases. Never-the less, exciting data have emerged from a phase II clinical trial of givinostat (ITF2357), an orally bioavailable HDACi, in patients with JIA (ClinicalTrials.gov [NCT00570661](http://www.clinicaltrials.gov/ct2/show/NCT00570661)). In this trial, 17 patients were given givinostat at a dose of 1.5 mg/kg per day for up to 12 weeks. At the end of the trial, a significant therapeutic benefit was observed in the patients, particularly in the areas of mobility and well-being. This was coupled with a decrease in the number of joints with active arthritis, as assessed by the number of painful and swollen joints. Critically, the safety and tolerability profile of the drug was extremely good; the majority of adverse events were reported as mild or moderate and consisted of nausea, vomiting, and fatigue \[[@B82]\]. A second clinical trial (ClinicalTrials.gov [NCT01557452](http://www.clinicaltrials.gov/ct2/show/NCT01557452)) involving an open-label extension of a dose-finding study in polyarticular JIA is ongoing, and a primary outcome to determine long-term safety is running.

The potential utility of dietary epigenetic targeting agents for rheumatic disease
==================================================================================

A significant issue concerning the use of epigenetic targeting agents in conditions such as rheumatic disease is that these are chronic conditions and require long-term treatment regimens. Nutrition-based interventions, therefore, may provide a novel therapeutic avenue of approach with this factor in mind. A large number of naturally occurring bioactive compounds have been shown to inhibit various members of the epigenetic machinery \[[@B83]\]. Evidence to link these naturally occurring compounds with potential patient benefit in rheumatic disease is now emerging.

One of the most extensively studied of these compounds is curcumin, a natural polyphenol occurring in turmeric. Conversely, this compound has been shown to inhibit both HDACs and KATs (reviewed in \[[@B84]\]). Two pilot studies have been conducted in patients with rheumatic disease. In the first study, the safety and effectiveness of curcumin alone and in combination with diclofenac sodium were evaluated in patients with active RA \[[@B85]\]. Forty-five patients with RA were randomly assigned to one of three groups with patients receiving curcumin (500 mg) and diclofenac sodium (50 mg) alone or in combination. The primary endpoint in this study was a reduction in Disease Activity Score (DAS), and secondary endpoints involved the assessment of American College of Rheumatology (ACR) criteria for reductions in tenderness and joint swelling scores. Patients received treatment for an 8-week period. Overall, all groups showed significant improvement in all tested ACR components and in their DASs. Critically, the patients who received curcumin showed the best improvements and were significantly better than the patients who received diclofenac sodium. Most importantly, curcumin treatment was found to be safe and was not related to any adverse events \[[@B85]\]. A second study examined the effect of Meriva (Thorne Research, Inc., Dover, ID, USA), a formulation of curcumin complexed with phosphatidylcholine, on joint pain and improvement in joint function of patients with OA \[[@B86]\]. In this study, 100 patients received treatment with this compound for a period of 8 months. Clinical endpoints were WOMAC (Western Ontario and McMaster Universities Arthritis Index) score, Karnofsky Performance Scale Index, and treadmill walking performance. At the end of the study, Meriva was shown to significantly improve all clinical endpoints. Secondary endpoints examined were a panel of inflammatory markers. Meriva was found to significantly decrease the expression of IL-6, IL-1β, sCD40L, and sVCAM-1 (soluble form of vascular cell adhesion molecule-1) in patients, whereas the control arm had no significant alterations in the levels of these pro-inflammatory markers \[[@B86]\]. These results indicate that cur-cumin may have important potential in the treatment of rheumatic disease. It must be noted that, in pancreatic cancer cells *in vitro*, a curcumin analog has also been shown to induce the expression of mIR-146a. As previously discussed, this miRNA may be a critical component in rheumatic disease, and it will be important to determine whether curcumin or curcumin-based analogs can affect this miRNA within the rheumatic disease setting.

Another novel bioactive dietary compound present in many pigmented fruits and vegetables is delphinidin (reviewed in \[[@B87]\]), which has been shown to be a specific inhibitor of K-acetyltransferases KAT3A/KAT3B \[[@B88]\]. Critically, delphinidin has also been shown to suppress inflammatory signaling via prevention of NF-κB acetylation in a human RA FLS cell line \[[@B88]\]. Similar effects on NF-κB have been seen for this compound in prostate cells both *in vitro*and *in vivo*\[[@B89]\], indicating that this bioactive compound may also have potential utility in the treatment of rheumatic disease or other autoimmune conditions, particularly those that are associated with NF-B-mediated inflammation.

Resveratrol is another natural compound that has been extensively studied for its potential utility in the management of diabetes. This compound is thought to be an activator of SIRT-1, but this view has since been called into question \[[@B90]\]. It has since been determined to function by inhibiting cAMP phosphodiesterases \[[@B91]\], and, as a consequence, levels of NAD^+^increase with concomitant increased SIRT-1 activity. Nevertheless, a large body of evidence demonstrates the potential efficacy of this compound in modulating pro-inflammatory effects in arthritis, suggesting that further studies will be required to determine the true nature of this compound.

Sulforaphane (SFN) is a naturally occurring organosulfur compound that has been shown to inhibit HDACs (reviewed in \[[@B84],[@B92]\]). According to the ClinicalTrials.gov website \[[@B93]\], several clinical trials (for example, [NCT01543074](http://www.clinicaltrials.gov/ct2/show/NCT01543074) and [NCT01265953](http://www.clinicaltrials.gov/ct2/show/NCT01265953)) are currently recruiting or will be recruiting in the near future to examine the effects of SFN in patients, but so far there have been no clinical trials on the potential of this compound in auto-immune disease. Of particular interest, NCT01357070 is currently recruiting patients to examine the effect of broccoli sprout on the blood levels of SFN to reduce responsiveness of patient immune systems. Specifically, the trial will examine, as a primary outcome, the resistance of leukocytes to inflammatory activation following an experimental stress following the consumption of a \'broccoli smoothie\' containing SFN to determine whether it can protect white blood cells from becoming activated in the presence of an experimental stress and how long this protective effect lasts. Nevertheless, SFN has been shown to have effects on the immune system. It has been shown to inhibit the Th2 immune response in ovalbumin-induced asthma \[[@B94]\]. The potential utility of this compound in the treatment of rheumatoid disease was demonstrated recently in an experimental mouse model of arthritis \[[@B95]\]. *In vitro*studies first demonstrated that RA FLSs treated with SFN resulted in the induction of apoptosis by reducing the levels of the anti-apoptotic protein Bcl-2 while inducing levels of pro-apoptotic p53 and Bax and decreasing levels of a pAkt \[[@B95]\]. In contrast, activated T cells, which are well established as contributing to joint destruction in RA, were insensitive to SFN-induced apoptosis \[[@B95]\]. Most importantly, SFN treatment of activated T cells was associated with a suppression of both cell proliferation and the expression of pro-inflammatory cytokines in these activated T cells \[[@B95]\]. The authors subsequently examined the effects of SFN on collagen-induced arthritis (CIA) in mice. Using intra-peritoneal injection of SFN, the authors demonstrated that this compound ameliorated the effects of CIA with lower degrees of inflammation, synovial hyperplasia, pannus formation, and bone destruction compared with vehicle alone \[[@B95]\]. This was accompanied by reduced T-cell proliferative responses and lowered secretion of pro-inflammatory cytokines such as IL-17, TNFα, IL-6, and IFNα \[[@B95]\]. To validate these observations, the authors reexamined the effects of SFN in a passive model of RA (RA induced by injections of anti-CII antibody). Again, the severity of the RA was reduced significantly by SFN, and the peak arthritis severity scores were 10.3 ± 2.8 (mean ± standard deviation) in vehicle-treated mice versus 5.5 ± 2.1 in SFN-treated mice \[[@B95]\]. Although effectiveness was demonstrated, it must be noted that there were no apparent adverse effects following administration of SFN, including changes in weight, physical appearance, or behavior \[[@B95]\], thus indicating that SFN may have significant potential for the treatment of patients with RA. However, it must be noted that, in this paper, the authors did not determine whether the effects of SFN were a result of its HDACi activity versus its other known activities such as its ability to induce phase II antioxidant and detoxification enzymes \[[@B96]\].

Conclusions
===========

It is clear that aberrant epigenetic regulatory mechanisms play important roles in the development and pathogenesis of rheumatic disease. A large body of evidence also indicates that targeting the epigenetic regulatory machinery may have potential therapeutic benefit in the treatment of such conditions. Further work will be required to clarify and expand on these possibilities.

Note
====

This article is part of the series on *Epigenetics and rheumatic diseases*, edited by Nan Shen. Other articles in this series can be found at <http://arthritis-research.com/series/epigenetics>
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